A flexible open source based CFD method is developed in order to directly study the effects of the wave movement on the wind field in a neutral stratified atmosphere. Sea surface waves modify the wind field in the marine atmospheric boundary layer (MABL) in different ways. Long periodic waves (swell) resemble a sinusoidal wave. The flow responses over this sinusoidal wave are studied in detail by the use of a moving grid approach. Waves aligned with the wind and opposed the wind are studied. Simulations show that a fast moving swell aligned with the wind will speed up the wind in the lowest meters of the MABL, whereas a fast moving swell opposed to the wind field will reduce and even revert the wind speed in the lowest meters. Swell opposing the wind field will also generate more turbulence in the lowest meters of the MABL than when waves and wind are aligned with each other. The simulations are compared with a logarithmic wind profile and wave influence causes the wave induced wind profiles to deviate from the logarithmic shape, especially in the case where swell is opposing the wind.
Introduction
The ocean surface can be seen as a surface with a dynamical roughness. Different wave states give rise to different roughnesses and the associated effect of the wind field will be different according to different wave regimes. For a long time wave driven wind was looked upon as a peculiarity. It was commonly assumed that the wave influenced layer was limited to the lowest meter over the sea surface, the wave boundary layer (WBL), and its effect often neglected [1] . Different measurement campaigns have however revealed that under certain conditions the wave influence extends far beyond the WBL and affects the whole depth of the marine atmospheric boundary layer (MABL) [2] . These wave driven wind effects have also been simulated with various computational fluid dynamics (CFD) methods, ranging from early work in 2000 with direct numerical simulations (DNS) [3] to large eddy simulations (LES), including buoyancy effects, in 2012 [4] .
Through examination of the governing design standards in the field of offshore wind industry it is clear that the industry to a large extent relies on experience and practice over land, and does not take into consideration how the ever-changing waves affect the wind field [5, 6] . Even if it is well documented that the wave state affects the wind field several tens and also hundreds of meters over the sea level, it is still not clear if the effects of wave driven wind will be of any significance to the offshore wind industry.
This work is part of a project aimed at revealing if wave driven wind should be accounted for in wind turbine power estimates and wind turbine design. The objective of this paper is to develop a flexible model for testing how different wave states affect the MABL by the use of computational fluid dynamics (CFD). Once this has been established, wind turbine models can be introduced in the CFD domain over the moving wave surface, thereby allowing studies of wave influence on both wind turbine wake and on wind turbine performance.
Wave wind interactions
For both design calculations and power production estimates it is important to get an accurate estimate of the average wind, U(z), as a function of height z over the ground or the sea surface. Expression for this wind profile can be found by the use of Monin-Obukhov similarity theory (MOST). MOST is valid in the constant flux layer (where the fluxes are assumed to vary little with height). Under atmospheric neutral conditions MOST theory leads to the logarithmic wind profile [7] ; ,
where k = 0.4 is the von Kármán , z 0 is the roughness length (defined as the height where the wind speed equals zero) and is the friction velocity. The friction velocity is defined as [7] , ,
where is the force per unit area exerted by the ground surface on the flow and is the density of the air. The roughness length, , can be derived from wind speed measurements. The literature contains different recommendations for selection of z 0 for different surfaces. In the field of offshore wind industry the sea surface is generally considered as levelled and smooth, and therefore a low z 0 value of 0.0002 m is often chosen [8] .
Wind waves and swells influence the wind field differently and the angle between the wind field and the ocean waves is also of great importance when studying the wave wind interactions. T 10 , is a parameter that can be used to characterize the wind-wave regime. The wave age is the ratio between the phase speed of the peak of the wave spectrum (c p ) and the wind speed at 10 m (U 10 ); ,
where is the angle between the wave field and the wind field. The wave height is here assumed to be relatively small compared with the water depth, and according to the dispersion relation the wave speed depends on the wave length. 10 is 1.2 the wave field is believed to be fully developed. A wind driven wave regime is characterised by and a swell dominated wave field by [9] . Several sea states are studied in [10] and in this paper more detailed studies are performed for a sea with and .
Method and models
The open source CFD toolbox OpenFOAM [11] is used for both mesh generation and CFD computations. By using a moving grid approach, a swell like (sinusoidal) wave was implemented on the f o r m ;
where a is is angular frequency, t is time and k is the wave number. Each grid cell moves up and down, reaching their maximum elevation in different time increments according to a sinusoidal signal, and the movement looks like a wave propagating -much like the different particles in a real ocean wave. The wave will gradually fade in during 10 seconds of simulations. The wave will also gradually fade in 10 meter after the inlet and fade out 10 m before the outlet. This gradually developing wave (both in time and space) was implemented in order to ensure that the inlet and outlet grid part of the domain did not change form and also to ensure stable simulations. Wave speed (c), wave amplitude (a) and wave length (L) are input parameters to the model. Since the wave is an idealised sinusoidal wave surface, with no variation in the y-direction, only two-dimensional effects are studied. Nevertheless the CFD set up is three dimensional, but with only few cells in the y-direction. This is partly done in order to easily extend the work to include a wind flow angle to the wave direction. Currently only waves propagating along with the wind flow and directly opposing the wind flow are examined ( =0).
The starting points of these CFD simulations are the Navier-Stokes equations and the continuity equation for an incompressible, Newtonian fluid [12] ; ( 5 ) , ( 6 ) where U is the velocity vector, p is the pressure and is the dynamic viscosity.The simulations are only valid for a neutrally stratified atmosphere where no buoyancy effects are present. The Corioles force is also neglected.
Reynold Averaging is used on the Navier-Stokes equation and for turbulent closure the standard kepsilon model [13] is used. This model includes two transport equations, one for turbulent kinetic energy (k) and one for the turbulent dissipation ( ). These are defined as; ( 7 ) ( 8 ) -, y-and z-component of the fluctuation part of the velocity vector U and is the viscosity and is the fluctuating deformation rate [12] . By introducing four model constants ( the standard k-epsilon model reads [13] ;
This is a transient (time varying) simulation that uses the Reynold Averaging Navier Stoke approach so in short the method can be denoted unsteady RANS (or URANS).
Simulations and boundary conditions
First various sensitivity analyses were performed on a relatively small domain (length of 250 m, height of 50 m) where different wind velocities and sea states were studied. Only uniform wind was used as the inlet wind condition and detailed descriptions are given in [10] .
Experiences from these simulations are then used when investigating the MABL in a larger domain, with length of 500 m and height of 100 m. For these simulations the method was further improved. A logarithmic wind profile was implemented as the inlet velocity (eq. 1) and the gradually developing wave was utilized. Four different cases are here presented and compared with each other and with the standard logarithmic wind profile used at the inlet.
The boundary conditions for velocity at the inlet and the parameters for the wavy ground patch are summarized in table 1. For the velocity on the ground patch (on the moving wave surface) the was used and at the top the movement was fixed to zero. This ensured that the pumping wave movements were transferred to the air flow. At the inlet the turbulent kinetic energy and the turbulent dissipation was uniformly distributed and fixed. All four simulation had starting value of k=0.5 and =0.015. This is a simplification of the reality where the turbulent kinetic energy will vary according to the wind velocity and height. During the computational time the simulations build up their own turbulent field (and the accompanying dissipation rates) and far downstream from the inlet, the boundary values are thought of as less important. Nevertheless an inlet k value of 0.5, together with a reference wind speed of 5 m/s, correlates to a turbulent intensity of approximately 11% [12] and this is believed to be within a realistic range for an offshore wind farm [5] . The rest of the boundary conditions were the same for all cases; at the top, the lateral sides and at the outlet of the computational domain t . Then the top and side walls did not influence the computations (the normal gradient of the field is zero at the boundary) and there was no change in the flow parameters on the outlet boundary. OpenFOAM specific wall-functions for turbulent kinetic energy, turbulent dissipation and turbulent viscosity where used with a roughness of -z 0 of 0.0002 m. Since the wave is seen as a solid ground naturally no deformation of the wave surface due to wind forcing is captured. This is a major simplification of the reality and it is hence only possible to study wave induced wind and not wind wave interactions.
Changes in the resolution of the grid should not influence the results and grid independency tests were performed in [10] and the simulations are believed to be grid independent for velocity and nearly grid independent for turbulent kinetic energy for 12500 cells. A grid refinement towards the ground was used and this resulted in y+ (the non dimensional wall distance for wall bounded flows) values between 200 and 500. In order to calculate the boundary layer it is recommended to have 30 < y+ < 500 to model the boundary layer properly [12] . The domain with length of 500 m and height of 100 m had 50 000 cells. Simulation periods of 500 seconds are believed -steady state. A simulation test, with a logarithmic inlet profile on an empty domain with a flat surface was performed, before executing the four cases in table 1. This was done in order to investigate if the code could sustain the logarithmic profile downwind the domain and this was the case.
Results

Sensitivity analyses
In [10] This utility computes averages of each cell value for every time step. Since t , the resulting simulated profiles are nearly constant over 20-30 meters. When comparing flow aligned with the wave and opposed to the wave, the case with lightest wind propagating opposite to the wave deviates most from a logarithmic shape. The opposed situations also generate higher turbulent kinetic energy levels than the aligned situations. Figure 3 shows different flow responses for four different wave states when the wind and wave oppose each other. The flow is clearly wave state dependent and the steepest wave seems to affect the flow field the most. 
Wind and wave aligned versus opposed
Based on the experience from the sensitivity study in 5.1, four cases were chosen to be investigated in more detail; in figure 4 wind profiles and turbulent kinetic energy profiles over waves with wave speed of +/-8 m/s and wind flow at the inlet with U 100m of 5 m/s and 10 m/s are shown. This corresponds to absolute values of the wave age close to 2 and 1 (see table 1) because U 10m is 4.5 m/s and 8.1 m/s at the inlet. In the former case the wave is propagating faster than the wind, and in the latter case slower or equal to the wind. The resulting wind profiles are compared with the logarithmic velocity profile applied at the inlet. Only instantaneous velocity and turbulent kinetic energy profiles are shown. The profile will change according to where the profiles are located above the wave, but the pattern is repeatable for every wave length. In figure 4 profiles are plotted over 450-490 meters. This represents one wave length and curves are plotted for every 5 meter.
In the 2 wave age case the aligned situations shows a speed-up of the wind velocity up to a height of 25 meters. This is due to the fact that the high speed of the wave transfers momentum to the slower moving wind flow above the wave. Comparing the wind in the aligned situation with the inlet velocity, maximum speed up of 2.5 m/s occurred in approximately 2 meters height (occurring over the wave trough, 470 meter downstream) and at 10 meter height this speed up was reduced to 1 m/s. At the same height the inlet velocity was 3.5 m/s. The wind velocity under the height of 37 meters is reduced in the case where wind and wave are opposing each other. Over this level the wind velocity exceeds the velocity of the logarithmic wind profile. In both the aligned and opposed situations the wind profiles deviate from the logarithmic profile. The opposed situation deviates all the way up to the top of the domain. For heights less than 70 meters there is notably more turbulent kinetic energy when the wind and wave are opposed compared to the aligned case. Maximum turbulent kinetic energy levels occur in approximately 10 meters height with around 10 times more turbulent kinetic energy than in the same height for the aligned situation.
In the 1 wave age case the wind profile for the aligned situation seems to match quite well the logarithmic inlet profile, but with a slight deviation above 32 meter height. The speed up in the lowest meters was not as prominent as for the 2 wave age case. This illustrates that the relative difference in wave speed and wind speed is of importance. For the opposed situation the wind profiles have the same shape as in the 2 wave age case. Also the kinetic turbulent profiles show the same response as in the 2 wave age case. Maximum turbulent kinetic energy levels occur in approximately 5 meters height with around 30 times more turbulent kinetic energy than in the same height for the aligned situation. Compared to the 2 wave age case more turbulent kinetic energy is generated in the lowest meters due to the higher relative velocity as a wave with speed of 12,5 m/s is now opposing the wind field of U 100 =10 m/s. The overshoots of the inlet wind speeds, seen clearly for the opposed situations in both the 2 and 1 wave age cases, are due to mass conservation in a limited height computational domain. This effect will diminish if the height of the computational domain is increased. For more realistic MABL the height of the domain should be increased.
Both speed up of the wind and increased turbulent levels over a fast moving swell have been observed in real life [14, 15] .
Conclusions
By the use of URANS computations with a moving grid approach it is possible to directly study the effects of the wave movement on the wind field. Vertical profiles of wind velocity and turbulent kinetic energy show distinct differences for waves aligned with the wind versus waves opposing the wind. When the wave is opposing the wind the wave effects are notable throughout the whole domain. A speed up near the wave surface is present when the wind is blowing over and aligned with a faster moving wave surface. When the wave is opposing the wind, the wind velocity will be reduced in the lowest meters and sometimes even reverted. With a wind in 100 meters of 5 m/s and 10 m/s over an opposing wave with phase speed of 8 m/s and amplitude of 3 meters, the wind will be reduced under the height of approximately 37 and 32 meters. The turbulent kinetic energy will also be 10 to 30 times higher under the height of approximately 70 and 55 meters compared to the aligned situation. These URANS simulations with moving wave surfaces will be further developed. More simulation results need to be compared with each other, and preferably also to real measurements. Even if it is clear that the effects from the wave surface extend far above the WBL, and possibly in the height of a wind turbine rotor, it is still unclear which effects this can have on wind turbine design and wind turbine yield. Since this work is based on highly flexible and freely available open source software and since it is a set up that uses URANS the simulations are less computational demanding than previous direct simulations of wave induced winds as DNS and LES. The method presented herein is believed to be suitable for further studies of more complex sea states and to be coupled with turbine performance models.
